ABSTRACT: Obesity is one of the most prevalent medical conditions, often associated with several negative stereotypes. Although it is true that weight gain occurs when food intake exceeds energy expenditure, it is important to note that even a 1% mismatch between the two can lead to a substantial weight gain after only a few years. Further, the body appears to balance energy metabolism via an endogenous lipostatic loop in which adipose stores send hormonal signals (e.g. adipokines such as leptin) to the hypothalamus in order to reduce appetite and increase energy expenditure. However, the brain is also a novel site of expression of many of these adipokine genes. This led to the hypothesis that hypothalamic-derived adipokines might also be involved in bodyweight regulation by exerting some effect on the control of appetite or hypothalamic function. When RNA interference (RNAi) was used to specifically silence adipokine gene expression in various in vitro models, this led to increases in cell death, modification of the expression of key signaling genes (i.e. suppressor of cytokine signaling-3; SOCS-3), and modulation of the activation of cellular energy sensors (i.e. adenosine monophosphateactivated protein kinase; AMPK). Subsequently, when RNAi was used to inhibit the expression of brainderived leptin in adult rats this resulted in minor increases in weight gain in addition to modifying the expression of other adipokine genes (eg. resistin). In summary, although adipokines secreted by adipose tissue appear to the main regulator of lipostatic loop, this review shows that the fine tuning that is required to maintain a stable bodyweight by this system might be accomplished by hypothalamicderived adipokines. Perturbations in this central adipokine system could lead to alterations in normal hypothalamic function which leads to unintended weight gain.
I. OBESITY AND INDUSTRIALIZED SOCIETIES
Obesity has reached epidemic proportions making it one of the most common, costliest and deadliest health conditions in industrial societies. Several hypotheses have been put forth to account for the escalating body mass indices (BMI) including overeating and lack of physical activity. However, novel factors also appear to be contributing to this modern day epidemic, including inadequate sleep, increased environmental concentrations of industrial endocrine disrupters, reductions in the number of smokers, to name a few (1) . Although it remains clear that a positive energy imbalance exists, where food intake exceeds energy expenditure, it is worth noting that as little as a 1% imbalance can lead to a 1Kg weight gain within one year (2) . 10Kg or more than 20 pound of weight gain over a single decade can be caused by mere 25 excessive calories per day. Thus even the most subtle mismatches in energy homeostasis can lead to significant changes in body weight over a relatively short period.
Within the last 15 years, the percentage of obese Canadians has more than doubled, and this trend does not appear to be subsiding (3) . The proportion of overweight and obese children is also increasing at a staggering rate in North America (4) . It has even been suggested that economically priced super sized car seats are now needed in the United States since nearly 300,000 children under the age of 6 exceed the current *To whom correspondence should be addressed: R.E. Brown 1400 ave des Pins Ouest, Apt 401 Montreal, Qc H3G 1B1 Telephone: 514-984-7877 Email: Russell.Brown@mail.mcgill.ca weight restrictions (5) . For the first time in the last two centuries, population lifetime expectancy in the US is predicted to decrease by 0.33 to 0.75 years (6) . This is due, in part, to the increased risk of developing diabetes, heart disease, cancer, and other co-morbidities that are associated with carrying excess body weight (6) . Furthermore children are now being diagnosed with "adult" diseases such as non insulin-dependent diabetes mellitus (NIDDM). They are also at increased risk of developing cardiovascular diseases at much earlier ages. An estimated 10-20% of new pediatric diabetes patients in Canada are now due to type 2 diabetes (7). In addition to decreased life expectancy, it was estimated that obesity directly cost Canadians over $4.3billion in 2001 (8), a figure likely to be much higher today.
Although diet and exercise are known to be highly effective at inducing weight loss, few individuals successfully maintain these reductions over the long term, suggesting that these interventions alone are an ineffective means to treat obesity (9) . Although obesity prevention becomes an important strategy, major investments are needed to target the underlying physiological mechanisms that will favor weight loss and prevent the development of obesity. More importantly, there is a need to identify effective therapies that promote sustainable reductions in bodyweight. One approach is to investigate potential molecular mechanisms that could be used as pharmaceutical targets to reduce bodyweight, in addition to facilitating the maintenance of this weight loss.
There is a large body of evidence suggesting that obesity includes a substantial genetic component (10) (11) (12) . Early obesity studies lead to the hypothesis that humans developed thrifty genes that offered protection during times of famine and low availability of food sources (13) . Combined with improvements in agriculture leading to an abundant and stable food supply, and reduced daily physical activity (14) , thrifty genes have rendered us susceptible to gain and store the excessive weight. It has also become evident that not only do we need to consider what genes are present, but how they might be differently expressed due to imprinting and epigenetic modifications that can occur during fetal programming (12) . For example, children born during the Dutch hunger winter of WWII are known to have a greater incidence of obesity than others of similar genetic background born just before or after the war and raised in the same environment (15) .
One of the major drawbacks to most weight loss strategies is that they fail to consider how bodies defend themselves from losing energy during periods of starvation. An effective weight loss strategy should not only focus on weight loss, but also on the maintenance of a stable bodyweight afterwards. Traditional diet and exercise, despite being effective at reducing bodyweight acutely, often have a refractory period that favors weight gain, restoring body mass to the pre-intervention levels in both rodent and human models (16) (17) (18) . This suggests that bodies have a preprogrammed weight they try to maintain by adjusting appetite and energy expenditure within the new metabolic milieu. It is also worth noting that experimental subjects resisted weight gain to a certain extent when they were force fed, suggesting that humans are equipped to maintain body mass within a relatively narrow range (19) . Although our bodies aim to preserve a stable body mass, there does appear to be a slight bias towards weight gain (20) .
THE BRAIN AS AN OBESITY TARGET TISSUE
The brain has long been recognized as a key tissue in the development of obesity and diabetes, a target that is sometimes overlooked in contemporary research. The French physiologist Claude Bernard established in 1849 that the brain plays a critical role in the regulation of blood glucose (21) . By damaging the brain's fourth ventricle, by way of a "piqure diabetique", he was able to induce diabetes in dogs and others have successfully repeated these experiments in different animal models (22) . Studies in the early part of this century revealed that other brain regions, including the hypothalamus, are also critical centers involved in the modulation of peripheral glucose homeostasis (23) . Further, when a significant proportion of hypothalamic neurons are damaged , excessive weight gain and the development of diabetes ensued (24, 25) . It is now widely accepted that there are two key populations of hypothalamic neurons involved in bodyweight regulation; a) the anorexigenic melanocortin neurons which express proopiomelancortin (POMC) and reduce appetite while elevating energy expenditure and b) the orexigenic neurons that express neuropeptide Y (NPY) which have the opposite effects on central energy metabolism (26) . Even slight imbalances between the outputs from these neurons can lead to an inappropriate increase in appetite and reduction in energy expenditure which can results in a progressive and significant weight gain over several years (27) .
The efficiency and accuracy with which bodyweight is regulated is incredible given the daily variations in activity and food consumption (2, 19) . Hervey (1969) points out that between the ages of 25 and 65 a women will gain on average only 11Kg; however what is remarkable is that she will consume over 20 tons of food during that period (28) . This suggests that our bodies are approximately 99.7% efficient at controlling Vol. 11 No. 2 our weight, as previously calculated by others (29) . Although it is now widely accepted that bodyweight regulation involves a coordinated response with the aforementioned hypothalamic neuronal populations (i.e balance between NPY and POMC neuronal output), many hypotheses have been put forth over the years as to which metabolic signals are regulating the activity of these neurons. These hypotheses include: a body temperature-dependent indication of energy stores, a glucostatic system, and the now widely accepted lipostatic theory (30) . In the latter model it was thought that increase or decrease in body fat generated changes in unknown adiposity signal(s) that could then modify the activity of the hypothalamic pathways involved in the control of appetite and energy expenditure ( Figure  1 ). This model was validated following the cloning of the anorexigenic hormone leptin from adipose tissue, (31) . It is also worth noting that several other peripheral metabolic signals including insulin, ghrelin, polypeptide Y3-36 (PYY3-36), cholecystokinin (CCK), which are produced in a variety of tissues, are also modulating the activity of the aforementioned hypothalamic feeding centers (26, 32, 33) .
THE EMERGING ENDOCRINE ROLE OF ADIPOSE TISSUE
The cloning of the ob gene by J.M. Friedman's laboratory, which codes for leptin, is arguably one of the most critical steps that initiated the ongoing study of energy balance and bodyweight regulation (31) . When leptin is provided to leptin-deficient mice (ob/ob), or humans, it is capable of inducing a pronounced and sustained weight loss (34, 35) . Subsequent investigations by several research groups revealed that leptin is but one of a large family of factors secreted by adipocytes (adipokines: (36) ). These include resistin (37); adiponectin (38) , FIAF (fasting-induced adipose factor)(39); visfatin (40) ; vaspin (41) , and a few unexpected candidates including nerve growth factor (42) . Application of mass spectrometry-based proteomic techniques will likely enlarge this list of adipocyte secreted proteins (43, 44) . Many of these targets have been implicated in the regulation of appetite, energy expenditure, insulin sensitivity, and glycemic control, in addition to several other functions (45, 46) . Thus adipokines represent a group of obesity-related drug targets that could potentially be harnessed to control bodyweight or treat obesity-related illnesses such as cardiovascular disease and diabetes, but might also impact local adipocyte metabolism via autocrine or paracrine mechanisms.
LEPTIN: COMPLETING THE FAT-BRAIN 'LIPOSTATIC' LOOP?
It has been more than fifty years since Kennedy first hypothesized that the brain senses fat stores in order to control food intake, thus forming an 'lipostatic' system which functions to maintain a relatively stable bodyweight ( Figure 1 ) (30). As described above, this model postulated that an unknown adiposity signal was secreted in proportion to body fat stores which acted on the brain in order to regulate appetite and energy expenditure in order to maintain a stable energy balance. It took more than 4 decades in order for an adiposity factor(s) to be identified which could be responsible for influencing the central metabolic pathways. The cloning of the ob gene (leptin) revived the 'lipostatic' hypothesis since its expression directly correlates with the amount of adipose tissue present, i.e. large adipose stores are associated with increased levels of leptin mRNA in ob/ob mice (31) and the degree of adiposity is positively correlated with plasma leptin concentrations (47) . Given that the expression and It has been more than 50 years since Kennedy first proposed the existence of a lipostatic loop in which body fat controls energy metabolism via a hypothalamic-dependent mechanism. It is believed that when adipose tissue mass is increased by consuming an excess of food, leptin is then released into circulation in a proportionate manner so it gain access to the hypothalamus in order to reduce appetite and to promote energy expenditure. However obesity is characterized by a resistance to these peripheral adiposity signals, so normal satiety mechanisms fail to shut off appetite, which leads to further food consumption and a continuous cycle of weight gain. Since brainderived adipokines appeared to modify key cell signaling (i.e. socs-3) and energy sensing (i.e. AMPK) pathways implicated in central energy metabolism, we hypothesize that centrally expressed adipokines might form a local hypothalamic 'tuning' mechanism which provides the finesse required to precisely match food intake and energy expenditure, which is approximately 99.7% efficient. Thus modifying the expression of hypothalamic-derived adipokines might provide us with a means to increase the brain's sensitivity to peripheral metabolic signals and help restore some of the metabolic mismatch that characterizes obesity.
release of leptin occurs in response to changes in metabolic status (i.e. high or low energy stores augment or reduce leptin levels respectively) (48) , and that leptin influences central metabolic pathways (49) , it was believed that leptin was the missing energy gauge that acted on the hypothalamus in order to regulate energy metabolism.
Defects in the lipostatic system are likely to contribute to great weight gain. However, it is exceedingly rare to find obese individuals who are totally devoid of leptin. Only a handful of leptin deficient individuals have been identified in the world (34, 50 ), yet obesity rates are soaring. In fact, excess bodyweight has been positively correlated with higher circulating leptin levels in the majority of individuals (51) . This suggests that the problem resides with how the brain is receiving and interpreting peripheral metabolic signals, which results in an energy imbalance and the inappropriate stimulation of appetite. In other words the brain in an obese patient fails to appropriately reduce appetite and food seeking behaviors, and does not feel satiety despite having an adequate nutrition (52) . Obesity appears to be characterized by a state of resistance to anorexigenic signals, such as leptin. The hypothalamic insensitivity to peripheral adiposity signals has been attributed, in part, to modest increases in the level of signaling molecules such as suppressor of cytokine signaling-3 (SOCS-3)(53,54). SOCS-3 binds to the intracellular domains of leptin and insulin receptors thereby creating a molecular traffic jam which prevents these anorexigenic hormones from stimulating the signaling events which lead to reductions in appetite. Therefore very modest, but chronic, increases in hypothalamic SOCS-3 can lead to an inappropriate increase in hunger and hyperglycemia since the brain is unable to interpret the messages meant to indicate that the body is adequately nourished. Other molecular disrupters of hypothalamic adiposity signaling events have also been identified, including protein tyrosine phosphatase 1B. It has also been proposed that leptin resistance occurs at other sites, such as at the level of the blood brain barrier (BBB). In other words, leptin fails to cross the BBB, therefore is unable to gain access to the hypothalamus, failing to induce any weight lowering effect (55) . Obesity appears to be characterized by a central desensitization to peripheral adiposity signals, which are often produced in excess.
COULD BRAIN-DERIVED ADIPOKINES BE IMPACTING THE LIPOSTATIC LOOP?
Subsequent studies have shown that leptin is expressed in a variety of tissues, most notably the central nervous system (56) . In addition to leptin (57), the brain, pituitary gland and several brain cell line models expresses a variety of adipokines including adiponutrin (58) , resistin (59, 60) and FIAF (61) . This led to the hypothesis that brain-derived adipokines might be serving an autocrine or paracrine role in which they influence the regulation of appetite and impact normal brain function (56) . However a major criticism has been that adipokine gene expression in non-adipose tissues, in particular the brain and pituitary, is too low to serve any biological effect (62, 63) . However, low mRNA abundance does not preclude a functional role for brain-derived adipokines (56) . A notable example includes the low level of leptin receptor mRNA detected in some brain areas, even though receptor protein levels are readily detected using immunocytochemistry (64, 65) . Likewise, despite the low levels of leptin mRNA present in the human hypothalamus, it was shown that there is a net release of leptin from the human brain (66, 67) . One approach to investigate the role of brain-derived adipokines is to specifically silence their expression and to evaluate the consequences on cell survival, signaling or metabolic pathways. Although advances in molecular biology have provided a variety of techniques that permit the specific manipulation of target gene expression, RNA interference (RNAi) is by far one of the most eminent. This technique has been instrumental in the establishment of gene function in a number of in vitro and in vivo models, most notably in the central nervous system (68) (69) (70) .
Leptin has been implicated in a variety of brain functions in addition to its role in the control and regulation of appetite. One of the less prominent features of the leptin deficient ob/ob mouse is its reduced brain size and decreased cell number, which could be corrected by leptin treatment (71) . Subsequent studies revealed that leptin also possesses trophic properties that impact the hard wiring of the hypothalamus during a critical neonatal period (72) . Hypothalamic neuronal plasticity is also affected since leptin administration rapidly modified critical synaptic connections implicated in the control of appetite (73) . Leptin gene expression was found to be developmentally regulated in the rat brain and pituitary gland (74) . Leptin gene expression could also be induced in the rat brain following traumatic brain injury (TBI) (75) . Subsequently, when RNAi was used to specifically silence leptin gene expression in rat C6 glioblastoma cell line, a model previously validated (76) , the result was a significant 2-fold increase in cell death as detected using either TUNEL (P < 0.005) or ethidium homodimer-1 (P < 0.015) staining (77) . This was also consistent with anti-apoptotic pathways that were induced by leptin treatment in the human SH-SY5Y neuroblastoma cell line (78) . Together these Vol. 11 No. 2 results suggest that centrally-derived leptin might be involved in normal brain function in addition to impacting the development of the central nervous system (CNS), neuronal plasticity and wiring, or even brain repair following injury.
To further investigate the novel interaction between brain adipokines, RNAi studies on resistin and fiaf, adipokines implicated in glucose and lipid metabolism (37, 39) , were carried out in the novel N-1 hypothalamic neuronal cell line (79) . These cells were chosen since they were derived from the embryonic mouse hypothalamus and express a range of neuropeptides involved in normal hypothalamic function and metabolism. Although fiaf expression was significantly reduced using a chemically modified small interfering RNA (siRNA), this failed to significantly modify the expression of other genes being analysed (60) . In marked contrast, the RNAi-mediated silencing of rstn induced significant increases (>50%) in both fiaf and suppressor of cytokine signaling-3 (socs-3) when N-1 cells were cultured in serum-deprived medium (60) . Likewise, resistin knockdown also reduced the ratio of phosphorylated total adenosine monophosphateactivated protein kinase (AMPK) (80), a novel energy sensor implicated in the hypothalamic control of appetite and hepatic gluconeogenesis (81) (82) (83) . Additionally the effects on fiaf and socs-3 expression, or changes in AMPK activation, were reversed when N-1 cells were treated with resistin, or transfected with a resistin-expressing plasmid (60) . Thus brain-derived adipokines appear capable of regulating metabolic signaling events (e.g. socs-3) and cellular energy metabolism (e.g. AMPK) which might have significant consequences on the central regulation of appetite and energy expenditure.
Preliminary in vivo studies also confirmed that RNAi was an effective means to acutely block the nutritionally-mediated induction of brain-derived leptin in the adult male rat. The intracerebroventricular (icv) injection of a leptin-specific siRNA molecule into the dorsal 3rd ventricle (D3V) of fasted rats, as done by others for brain-derived neurotrophic factor (BDNF) (84) , attenuated the feeding-induced increase in hypothalamic leptin mRNA by more than 75% (p<0.01). This acute knockdown (24h) resulted in a slightly greater overnight weight gain (+15%, p<0.05), relative to rats that received the non-specific control molecule. Similarly the continuous infusion of the 'naked' leptin-specific siRNA into the LV resulted in a modest, but non-significant, reduction of leptin mRNA (-30%) in the cortex and hypothalamus. Although no increases in body weight were detected in the rats that were continuously infused with the leptin-specific siRNA, this could be due to the poor leptin knockdown achieved. However leptin knockdown reduced the expression of cortical resistin (-35%, p<0.05), but paradoxically increased hypothalamic resistin by 2-fold (p<0.05), as measured by realtime RT-PCR. Thus brainderived leptin appears to regulate the expression of other centrally derived adipokines, although these effects appear dependent on the cell-type or brain region being analyzed. An important technical goal remains to improve the magnitude and length of silencing achieved under basal conditions in vivo as this greater reduction in brain leptin expression might induce a more pronounced phenotype.
BRAIN ADIPOKINES AND AN ENDOGENOUS METABOLIC TUNING MECHANISM
These preliminary studies suggest that brain-derived adipokines are capable of influencing brain cell survival (e.g. leptin and C6), signaling (e.g. N-1 and socs-3), or metabolic sensing (e.g. N-1 and AMPK). In addition there appears to be a complex interrelationship between centrally-derived adipokines both in vitro and in vivo. Further studies are now needed to investigate the effects of silencing brain-derived adipokines during critical developmental periods, which might impact normal brain development and function. Although adipose tissue appears to provide the hypothalamus with the bulk of the peripheral metabolic signals that act as gross indicators of energy availability (26, 32, 85, 86) , it is uncertain whether these signals alone can provide the hypothalamus with the finesse that is required to delicately and efficiently control bodyweight (2, 28) . Perhaps the crosstalk that appears to be occurring between centrally-derived adipokines in vivo (e.g. leptin and resistin) could form a fine-tuning mechanism that contributes to the precise and accurate regulation of hypothalamic metabolic pathways via autocrine or paracrine mechanisms (Figure 1) . Thus in the context of the lipostatic loop model, minor disruptions in hypothalamic adipokine gene expression appear capable of impacting the efficiency of this tightly regulated system. Slight perturbations in this hypothetical central adipokine system might lead to a metabolic mismatch that increases the risk of gaining weight or developing insulin resistance by impacting the hypothalamic sensitivity and receptivity to peripheral adiposity signals. As such, adjusting this central system might allow us to improve the efficiency of this lipostatic loop, and might even prove to be a means to promote weight loss and help change the bodyweight set point in obese individuals.
CONCLUSION
Obesity is a complex and often poorly understood medical condition that results in unnecessary psychological and physical suffering. Despite the negative stereotypes associated with the obese, it is important to recognize that deeper physiological and genetic mechanisms might also contribute to excessive adiposity (10) (11) (12) . It is worth considering how even the most minor of imbalances between food intake and energy expenditure can lead to a significant and unintended weight gain over only a few years (2, 28) , and this metabolic mismatch has only been further exacerbated in recent years by the over abundance of highly palatable foods that are readily available on a daily basis (14) . Although we do not refute that diet and exercise can promote weight loss, we can not ignore the poor outcome of these programs in the long term (9, (16) (17) (18) . Therefore, it is necessary to investigate other avenues, such as the role of brain-derived adipokine in normal body weight regulation and energy metabolism which might prove useful to promote weight loss. However given the complexity and redundancy of the endogenous mechanisms that are in place to maintain bodyweight, it seems likely that multiple approaches will be required to effectively treat obesity.
